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Kentucky), N. Gnedin (FNAL), O. Gnedin (U. Michigan), F. Heitsch (U. Michigan), D.
Hunter (Lowell), S. Kannappan (UNC), M. Krumholz (UC-Santa Cruz), A. Lazarian (U.
Wisconsin), J. Lazio (NRL), A. Leroy (MPIA), F.J. Lockman (NRAO), M. Mac Low
(AMNH), A. Maller (CUNY), G. Meurer (JHU), K. O’Neil (NRAO), J. Ostriker
(Princeton), J.E.G. Peek (UCB), J.X. Prochaska (UC-Santa Cruz), R. Rand (UNM), B.
Robertson (U. Chicago), D. Schiminovich (Columbia), J. Simon (Carnegie), S. Stanimirovic
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Hulst (Groningen), B. Wakker (UW-Madison), B. Weiner (Arizona), A. Wolfe (UCSD),
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Great strides have been made in the last two decades in determining how galaxies evolve
from their initial dark matter seeds to the complex structures we observe at z = 0. The
role of mergers has been documented through both observations and simulations, numerous
satellites that may represent these initial dark matter seeds have been discovered in the
Local Group, high redshift galaxies have been revealed with monstrous star formation rates,
and the gaseous cosmic web has been mapped through absorption line experiments. Despite
these efforts, the dark matter simulations that include baryons are still unable to accurately
reproduce galaxies. One of the major problems is our incomplete understanding of how a
galaxy accretes its baryons and subsequently forms stars. Galaxy formation simulations have
been unable to accurately represent the required gas physics on cosmological timescales, and
observations have only just begun to detect the star formation fuel over a range of redshifts
and environments. How galaxies obtain gas and subsequently form stars is a major unsolved,
yet tractable problem in contemporary extragalactic astrophysics. In this paper we outline
how progress can be made in this area in the next decade.
1.

The Build-up of Baryons

While the dark matter component of galaxies grows through mergers of dark matter
halos, the accretion of baryonic gas is more complex. In addition to major and minor mergers,
smoothly distributed gas - that never collapsed into halos or was stripped from other galaxies
- can accrete onto galaxies directly from the intergalactic medium. Depending on a halo’s
mass and redshift, gas can either shock-heat and form a diffuse hot halo component, or flow
deeply into the halo in the form of cold intergalactic filaments. Both direct accretion from
the cold filaments and cooling of the hot component can provide a gas supply for galaxies to
form stars. Hydrodynamical simulations including mergers and smooth accretion processes
are complex, but they are beginning to converge on the general features of gas accretion1,2
and provide predictions for the relative importance of the various modes3,4 .
Results from recent simulations have already changed our understanding of high redshift
gas accretion with the discovery of cold mode accretion along intergalactic filaments (Figure
1, left). At lower redshift cooling of the gas in hot virialized halos, as envisioned in classical
models5 , starts to be an important source of gas for galaxies. Currently such cooling is
thought to proceed through instabilities in the hot halo gas, leading to the formation of cold
gaseous clouds that fall towards the center of a halo and provide a fresh gas supply to the
ISM6,7,8,9 . High resolution simulations are beginning to demonstrate the formation of these
clouds in a fully cosmological environment (Figure 1, right) and significant progress in this
area is expected in the next few years. Direct detection of clouds will significantly constrain
the models and improve our understanding of low redshift gas accretion.
1.1.

Observational Signatures of Gas Accretion

Observations are beginning to reveal galaxies actively accreting star formation fuel, possibly with a hint of similarity to Figure 1 (right). The Milky Way has been known for some
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Fig. 1.— Left: A Milky Way-size halo at z = 2 being fed by cold filamentary streams of gas. The
temperature of the gas particles is color coded from blue (∼ 104 K) to yellow (∼ 106 K)2 . The circle indicates
the virial radius of this halo. Right: A Milky Way-size halo at z = 0.1. Only the dense gas is plotted
revealing a wealth of cloud like objects. This region is 270 kpc on a side (from D. Kereš).

time to have halo clouds whose fate will be to fuel the disk10,11 . These clouds are thought to
explain the metallicity of our Galaxy’s stars12 and its ability to continue forming stars at an
average rate of 1-3 M⊙ /yr. Analogs to the Milky Way halo clouds have now been observed
around other nearby spiral galaxies through extremely deep H i observations13,14 . These
extragalactic analogs emphasize that gas accretion is ongoing at z = 0, but the origin of the
accretion remains uncertain. Some of the gas clouds may be satellite material15,16 , while others may originate from the galaxy itself17 , or represent condensing density enhancements in
the surrounding hot halo medium18 . In addition, H i clouds have been found in the vicinity
of early-type galaxies with similar unknown origins19,20 . Given the hot gas reservoirs found
around galaxies, the question remains if gas accretion ever actually stops (i.e., continual
cooling onto the galaxy), or alternatively if the cold H i clouds survive the trip to the galaxy
through this medium21,22 .
Though observations capable of detecting the diffuse accreting gas are still limited, they
have made it clear that galaxy halos, the transition region between the cosmic filaments and
the star forming disk, contain a complex, multi-phase medium in need of further study23,24,25 .
The origin of the accreting gas, the magnitude of the accretion process, and how it may evolve
with galaxy mass and redshift, remain key unknowns in a galaxy’s build-up of baryons.
Future efforts will require multi-wavelength studies, including: deeper H i observations that
connect to the lower column density gas probed in absorption and are capable of detecting
and resolving clouds at larger distances, observations that examine the dust content and
metallicity of the gas, and kinematic studies of both the neutral and ionized gas to examine
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the transitions between the IGM, the halo, and the star forming galaxy.
2.

The Conversion of Gas to Stars

Once gas has accreted onto a galaxy we must understand how it is then converted to stars
to obtain a coherent picture of galaxy evolution. Our weak grasp of the underlying physics
of this process is evident from some of the problems that arise in ΛCDM galaxy formation
simulations. For instance, the excess of low-mass dark matter halos predicted compared
to the number of low-mass galaxies observed (the “missing satellite problem”26,27 ) requires
some type of suppression of star formation relative to Milky Way-size halos. In addition, it
is unclear why the peak of the star formation activity is occurring in progressively smaller
galaxies with time (i.e., “downsizing”28,29 ). Several other key aspects of the evolution of the
universe are dependent on the relation between gas and star formation. To name but a few:
the existence of the blue sequence of galaxies30,31 , the progressive decline of the comoving
SFR density in the universe since z ∼ 132 , the constancy of ΩHI over time33 , the early
enrichment of the intergalactic medium34 , the mass-metallicity relation35 , the low level of
star formation associated with damped Ly-α systems36 , the formation of the extended UV
disks37 , and the nature of the initial mass function of stars38 .
2.1.

Star Formation in the Nearby Universe

Studies of local galaxies are essential for determining the physical processes responsible
for converting the accreted atomic gas to molecular gas and subsequently stars. The Milky
Way appears to have enough gas to make another 5 billion suns, but we lack a comprehensive
picture of the processes that collect the low density H i into dense star-forming clouds. The
most popular parametrization of the conversion of gas into stars is the “Schmidt-law”39,40 , but
the original explanation for this relation in terms of large-scale gravitational instabilities41
faces a number of challenges. The physical underpinning of the relation between gas and
star formation remains a matter of intense theoretical and observational research42,43,44,45 .
As an example, just in the last decade theories consistent with existing data have argued for an array of physical processes regulating star formation on a variety of spatial
scales. Some of them address galactic scales to explain the collection of gas into molecular
clouds46,47,48,49,50 , others emphasize local processes regulating the star formation efficiency51,52,53 .
The numerous possible solutions accentuates the need for more sophisticated modeling incorporating a wide range of physical processes, and high resolution observations of a variety
of star formation and density regimes.
Observationally the goal is to accurately trace the star formation process from the initial
atomic hydrogen to the final stars. Recent observational progress in the field has come from
employing UV, optical, and FIR imaging to measure star formation rates54,55,56,57 , and FIR,
submm-, mm-, and cm-wave interferometric and single-dish observations to characterize the
warm and cold gas content of galaxies58,59,60,61 . To date these studies are limited to just a
handful of the brightest and nearest galaxies (D.10 Mpc). Obtaining high resolution, multi4

wavelength observations in outer disks, low mass galaxies, and in more distant systems is
required to determine the dominant processes dictating star formation.
2.2.

Census of Cold Gas and Stars Through Time

A census of the cold gas and stellar components of galaxies over cosmic time is another
crucial component of understanding how galaxies obtain gas and subsequently convert it
to stars. Figure 2 shows the relationship between the stellar, H i, and star-formation rate
density as a function of redshift. The cosmological mass density of H i is nearly constant over
the past ∼10 Gyr while the stellar density continues to increase. This shows the importance
of ongoing gas accretion and the conversion of atomic to molecular gas in the star formation
process. Surveys of damped Ly-α systems (the points above z = 0.24 in Figure 2) do not
reveal how the gas is distributed in relation to the ongoing and previous star formation in
galaxies. By connecting H i gas to the stars and star-formation rates in individual galaxies,
one can constrain the sequence of gas accretion and consumption.

Fig. 2.— The relationship between the mass density in stars,
Ωstars (blue78,79 ), and in gas,
ΩHI (red33,75,80,81 ) as a function of redshift. The shaded regions shows estimates of the error on these values. For ΩHI the
points above z = 0.24 are determined from absorption line studies. Also shown is the the range
of star formation rate density of
galaxies as a function of redshift
(green82 ).

The required census of gas and stars needs to span a wide range of galaxy environments,
include a significant number of sources over all mass intervals, and ideally probe galaxies to
at least z = 1 where significant changes in the star formation rate begin to occur. To date
the stellar content of galaxies has been relatively well studied through large-scale redshift
surveys62,63 , particularly with SDSS64,65 . By comparison, statistical measurements of gas in
galaxies are still in their infancy.
The best way to assess the reservoir of neutral gas associated with galaxies is through blind
21-cm surveys. Significant progress has been made since the first of these surveys; from the
initial survey finding 37 galaxies66 , to the HIPASS survey which detected 5317 galaxies67,68 ,
to ongoing surveys with Arecibo which are on track to detect over 25,000 galaxies69,70 . Nevertheless, these surveys are low resolution and extend to only z = 0.06, limiting their ability
5

to address the astrophysical questions that tie the cold atomic gas to stars over cosmic time.
Measuring the H i content of galaxies beyond z ∼ 0.05 and making the connection to the Lyα absorbers is key for progress to be made71,72 . The absorbers contain a significant amount
of the baryons in the universe73 , but very little of this material is currently in neutral atomic
gas.
The first 21-cm detections of massive galaxies at z ∼0.2 have recently been made74,75,76,77 .
Observations in the next decade need to press beyond measuring the gas content of a handful
of the most massive systems and extend the gas census to increasingly higher redshifts where
the census of stars has already been measured. Combinations with molecular gas surveys
and absorption line studies are also key to understand the link between a galaxy’s future
fuel, existing fuel, and stellar component.
3.

Key Advances

In order for progress to be made in this field in the next decade key advances must be
made in the observational realm, as well as parallel improvements in simulations.
Gas Accretion - How does a galaxy accrete gas? What is the origin of the gas being
accreted and how does reality compare to simulation results (e.g., Figure 1)? An assessment
of the number of galaxies with significant cold gaseous structures in their halos will make
progress towards understanding the mode gas accretes onto galaxies. This can be done with
ongoing surveys with single-dish telescopes (e.g., Arecibo, GBT), but the resolution and
sensitivity capabilities of these telescopes limit this work to the closest galaxies and often
leave the origin of the gas unclear. To detect and resolve typical Local Group halo clouds
beyond a few Mpc, an expanded Allen Telescope Array (e.g., an ATA with 256 antennas83 ) or
expanded EVLA is needed84 . Ultimately the Square Kilometer Array (SKA) will be required
to detect halo clouds at distances beyond the Virgo Cluster and make the link to the lower
column density gas traced in absorption85 . The expanded ATA has the potential to reach
H i column densities of 1017 cm−2 , but it will take ∼ 1000 hrs of integration time on a single
pointing. The SKA will also allow the morphology of the detected gas to be resolved at
higher redshifts (i.e., coherent streams vs. halo merging). The installation of the Cosmic
Origins Spectrograph (COS) on HST will dramatically improve studies of diffuse gas in the
universe through absorption line studies, but these studies cannot distinguish between gas
that is accreting versus outflowing, depict the environment of the gas, or determine the mass
scale of the flow without corresponding emission line maps. Sensitive high resolution H i
observations, combined with Hα maps with wide-field IFU spectrographs, are essential to
better understand the multi-phase accretion in galaxy halos and constrain models of galaxy
evolution.
The near future of the cosmological simulations is to model gas dynamics, coupled with
radiative transfer, with resolutions of tens of parsecs over the entire galaxy halo. Many
questions remain about the physical effects that can influence the coherent accretion flows
and halo clouds, including: galactic outflows, the halo substructure, dynamical instabilities,
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magnetic fields, conduction, local ionization fields, etc. Some of these processes have been
examined in high resolution, non-cosmological simulations, but ultimately they need to be
incorporated into fully cosmological simulations where the hierarchical and complex nature
of galaxy build-up can be modeled in its full complexity.
Star Formation - How does gas transition from atomic to molecular gas and subsequently
form stars? Multi-wavelength observations are required, combined with theory and simulations, with both probing similar scales in a variety of environments. Simulations need to
include time-dependent chemistry and radiative transfer to facilitate a more quantitative
comparison to observations. This will not only require new code development efforts, but
also a database including interfaces to access the simulation data. The observations are
currently limited to the closest galaxies and the most intense star forming environments and
need to expand the range of density regimes explored in order to better constrain the theory.
Optical, IR, and FIR imaging and spectroscopy are necessary to characterize recent star
formation in outer disks, determine the chemical enrichment history, and measure a galaxy’s
star formation rate. A combination of sensitive single dish observations and interferometry
in the radio, mm, and sub-mm regimes is needed to map the distribution and kinematics of
the H i, trace the transition to molecular gas, and probe the role of dust over the full parameter space of galaxy properties. High resolution images of star formation tracers beyond
the optical and UV would be a spectacular step forward in understanding the relationship
between SFR and gas density. The telescopes needed over the next generation to continue to
improve our understanding in this field include the EVLA, ALMA, CARMA, LMT, GBT,
JWST, and SKA.
Gas in the Universe - How does the census of gas in galaxies evolve with the census of
stars? What is the rapid refueling process implied by Figure 2? Knowledge of the gas content
of the universe has severely lagged our knowledge of the stellar component. This lag has led
to severe extrapolations based on limited data and hampers our ability to develop a coherent
picture of galaxy evolution. Ideally, future surveys will detect galaxies in H i emission in
clusters, filaments and voids out to the peak in the cosmic star formation rate density, i.e.,
the epoch of galaxy assembly at z ∼ 2 − 3. A telescope with sufficient sensitivity to measure
the H i much beyond z ∼ 1 would have an order of magnitude or more collecting area than is
currently available. The SKA, with a square kilometer of collecting area and state-of-the-art
elements and design, would detect H i emission from a Milky Way to redshifts beyond 1.5,
and with deep pointings to z ∼ 3.85 In the next few years surveys and telescopes can be
completed to provide a cosmic census of the distribution and kinematics of gaseous baryons
out to z ∼ 0.5, tracing the build up of cosmic structure over the past ∼ 4 Gyr. Arecibo’s
survey work of the local Universe can be extended to redshifts of a few tenths, and the
EVLA at 21-cm can be used for deep integrations of narrow cones in redshift space from
z = 0 − 0.584 , with the full resolution of the VLA. Building out the ATA to several hundred
dishes would allow wide-field, fast surveys of H i with several times the depth of the Arecibo
surveys, and better resolution83 . Through combinations with surveys of the molecular gas
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(using ALMA and LMT) and ongoing stellar surveys, substantial progress can be made in
the next decade on understanding how galaxies obtain gas and form stars in the evolving
universe.
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